The effect of quinidine on unidirectional fluxes of Na and K in isolated rabbit atria has been investigated and correlated with known effects of the drug on the electrical and mechanical properties of the heart. Quinidine caused a rapid inhibition of J\ T a entry, which secondarily depressed K efflux. In addition, the drug depressed membrane permeability to K and caused a marked inhibition of active transport, both of which were relatively slow in onset.
The effect of quinidine on unidirectional fluxes of Na and K in isolated rabbit atria has been investigated and correlated with known effects of the drug on the electrical and mechanical properties of the heart. Quinidine caused a rapid inhibition of J\ T a entry, which secondarily depressed K efflux. In addition, the drug depressed membrane permeability to K and caused a marked inhibition of active transport, both of which were relatively slow in onset. Q U1NIDINB has been shown to depress the rate of rise of the depolarization limb of the transmembrane action potential, decrease overshoot and raise the threshold potential, 1 " 3 which suggested an effect on the available Na carrier. Holland 4 and Armitage 5 have shown that the action of quinidine to diminish the amplitude of beat and maximum following frequency in isolated rabbit atria can be reversed by lowering the extracellular K ion concentration, (Ko)-Net K movement studies of Holland suggested that the antiarrhythmic action of the drug was due to its ability to depress the outward movement of K ions and possibly the inward movement of Na ions. Armitage suggested that the drug's effect was due to a decrease in membrane permeability to K, and that lowering K o raised the gradient favorable to an increased K efflux. Recent radioactive isotope experiments in our laboratory have demonstrated both a depressed Na entry and membrane permeability to K. We have also shown that quinidine causes a marked inhibition of active uptake of K and extrusion of Na. Karki, Burn, and Burn" have made a similar observation on active transport in red blood cells.
The question arises as to whether the pharmacological actions of quinidine can be correlated with an effect on passive Na permeability, passive K permeability or active transport. The present communication presents evidence which favors the hypothesis that all of the major effects of quinidine on the electrical and mechanical properties of the heart can be correlated with an inhibition of passive Na entry.
Methods
Atria excised from young adult rabbits (1 to 2 Kg.) were mounted as previously described" in Ringer's medium of the following composition; NaCl 9.0 a m , KC1 0.4 Gm, CaCL 0.24 Gm., NaHCO-i 0.5 Gm., doxtrose 2.0 Gm., nnd distilled water to one liter. Thirty minutes to 1 hour was allowed for tissue equilibration in all media at 20 and 30 C. before experimentation. When the extracellular Na ion concentration (Na, 0 ) was reduced, isotonicity was maintained by substituting sucrose.
Cation analyses, isotope counts, determination of influx and efflux of K 42 , and all calculations were performed as previously described. In media and at temperatures where the spontaneous rate of contraction tended to decrease with time, controlled rate experiments were also performed by driving the preparations with an electrical stimulus at a rate of 120/min. with 5 volt pulses of 1.5 msec, duration. Quinidine was employed at a concentration of 2 X 10" 5 M unless otherwise noted.
Relative net Na 24 uptake was studied as follows: After equilibration, atria were incubated in Na Ringer's medium for exactly 1 hour with medium changes every 20 min. in order to load the tissue with isotope. The preparations were then washed three times with nonradioactivc Ringer's medium during a 10 min. period and allowed to incubate an additional 10 min. in this medium. The latter 20 min. incubation period was necessary to eliminate an estimated 99 per cent of the radioactivity in the extracellular phase of the tissue (estimated half life 2 to 3 min.). 8 While this procedure would cause some loss of intracellular Na 24 , it was felt that such a method gave a reasonable estimate of the quantity of isotope that entered the intracellular phase during the 1 hour preincubation with isotope (sec footnote, page 249). Control atria and those treated with quinidine were then weighed wet, suspended in 5 nil. of distilled water and homogenized in a motor-driven glass homogenizer. One milliliter aliquots of the radioactive homogenate were pipetted into planchettes, dried and counted in a beta scintillator. Net uptake of Na was calculated in pmoles/cm. 2 /sec. Absolute Na influx calculations were not attempted due to the uncertainty of the amount of Na 24 remaining in the extracellular space and the correction necessary for Na efflux occurring during the incubation periods, especially in the presence of quinidine.
Results

Effect of Quinidine on K Fluxes with Time
In figure 1 , data are presented which show the effect of quinidine on absolute K fluxes as a function of time. The medium used contained 1.35 m l . K and 0.27 mM. Ca. Quinidine was effective in preventing the establishment of arrhythmias in this medium, where atria were particularly prone to induction of fibrillation by electrical stimulation in the presence of acetylcholine. Absolute influx was determined from the initial rates of K 42 entry during 30 min. exposure to the isotope. The 60 and 90 min. points ( fig. 1 ) in the presence of quinidine M' ere obtained by 30 and 60 min. preincubations with the drug in nonradioactive medium before the isotope was added. Absolute efflux in control preparations was determined by establishing a 'washout' curve for a period of 40 to 70 min. from atria which had previously been loaded with isotope. After the establishment of a control curve, quinidine was added and changes in the rate of emergence were determined at the end of 15, 60, and 90 min. Absolute effluxes with quinidine present were calculated for each of the times mentioned from the observed changes in' the rate of efflux. In figure 1 , it can be seen that absolute efflux was depressed rapidly during the first 30 min. and then gradually reached a new steady state by 60 min. In contrast, the inhibition of K influx developed at a much slower rate and the latter had not reached a steady state by 90 minutes.
Effects of Quinidine, K o and Temperature on K Fluxes
In figure Quinidine and a 10 degree decrease in tern- 
Figure 2 Effect of quinidine on absolute K influx (2a) and efflux (2b) at 30 and 20 C and as a function of K in the medium. Flux values with quinidine were after 90 min. contact with the drug. Each point an average of 4 to 8 experiments.
perature had similar inhibitory effects on K efflux. In contrast to the drug's inhibition of influx, efflux was depressed approximately the same regardless of the K o . Quinidine in combination with a temperature of 20 C. showed partially additive inhibitory effects. The estimated Q 10 values for K efflux in controls were lower than those for influx and ranged from 2.6 at 1.35 mM. K o to 1.8 at 10.8 mM. K. Q 10 's in the presence of quinidine over the same range of K o were 1.4 and 1.8, respectively.
Iv analyses (table 1) showed that a decrease in temperature from 30 to 20 C caused only small losses of intracellular K (K|) ranging from 2 to 10 per cent in control preparations, and from 0 to 8 per cent in the presence of quinidine. The addition of quinidine at 30 C. caused no significant change in Kj except at 10.8 mM. K o , where a decrease of 9 per cent was observed.
Upon the discovery that quinidine had a rapid, inhibitory effect on K efflux while the inhibition of influx was slow to develop ( fig.  1) , the possibility arose that the decreased efflux was not a true decrease in membrane permeability to K (at least initially), but was secondary to a decreased Na entry. Two approaches were undertaken to test this possibility. The first was to determine the effect of Na 0 . If the above were true, an increase in Na 0 should tend to reverse the quinidine inhibition of Iv efflux. A control medium containing K o (10.S mM.) was chosen as the drug was most effective under this condition.
Effects of Quinidine, Na 0 and Temperature on K Efflux
In table 2, the effects of high and low Na 0 at 30 and 20 C. and in the presence of quinidine are presented. Absolute efflux rates and their corresponding specific transfer coefficients have been included. At normal Na 0 (154 mM.) quinidine inhibited Iv efflux approximately 40 per cent at both temperatures. When Na 0 was raised to 1.5 times normal (231 mM.), the inhibition by quinidine was reversed at both temperatures. The latter was not a controlled experiment in that the reversal may have been due to the increased tonicity. To eliminate this possibility sucrose was added to the normal Na medium to equal 1.5 times iso tonicity, and the experiments were repeated. Note that the drug retained its ability to inhibit K efflux at both temperatures, which eliminated the tonicity effect. The hypertonic sucrose medium did tend to increase absolute efflux rates partly due to an increase in TC; (table 1), which probably was due to tissue shrinkage, and partly due to an increased transfer coefficient (see ko value). The hypertonic Na medium did not increase the k 2 value, and the .10 per cent increase in efflux in this medium was entirely due to an increased K,. When the Na 0 was reduced to V2 normal (77 mM.), the inhibitory effects of quinidine were similar to those in normal Na 0 in both isotonic and hypertonic media. The decrease in control efflux in the isotonic medium was entirely due to a lower K i# Effect of Quinidine on Net Na 2 ' Uptake A second approach to the problem, that quinidine decreased K efflux initially secondary to an inhibition of Na entry, involved a study of net Na 24 uptake (see methods) in the presence and absence of the drug. A direct method for Na- 4 influx, rather than net upCirculation Research, Volume VIII, January 1.160 take, has not been worked out at this time. It was found necessary to increase the quinidine concentration in order to demonstrate an effect with the drug. A concentration of 1 X 10" 4 M was arbitrarily chosen. Table 3 shows the results of a number of averaged experiments on net Na-4 uptake at 30 C in normal Ringer's medium.* Two types of experiments were performed: net Na-4 uptake was first determined in spontaneously beating preparations, and secondly in preparations where an attempt was made to increase Na entry by high voltage stimulation. Pulses of 10 to 20 volts of 5 to 20 msec, duration were used to drive the preparations at a rate of 120/min. Quinidine was found to depress net Na 24 up-*Footnoto: From earlier Na :< efflux data 8 and net Na =1 uptake, an estimate of JSTJV influx could bo obtained from the following relation: cljfii sl /(lt=ki (Na,) !1 -k 2 (Na,)-'; where clNV'/dt is the net, Na" 1 uptake or loss in a given time period; ki and k: are the specific transfer coefficients for influx and efflux, respectively; and Na o and Nai are the concentration terms. Na influx was found to be nearly equal to efflux in normal Ringer's medium, 2.9 and 3.3 pinoles em" 2 sec." 1 , respectively. These values agree well with those of Hodgkin and Horowicz" using single skeletal muscle fibers. take in spontaneously beating preparations approximately 50 per cent. In atria stimulated with high voltage pulses, quinidine markedly increased net Na 24 uptake, while controls remained unchanged.
Discussion
It is well known that the amount of an ion in the biophase of a tissue is the result of 2 unidirectional movements, an influx (entry) and an efflux (exit). Ion movement may be 'passive' in that it occurs in a direction favorable to an electrochemical gradient and is not greatly altered by temperature change (low Qio) or by metabolic inhibitors. Ion movement may be 'active' in that it occurs against or in excess of an electrochemical gradient and is altered considerably by temperature change (high Q 10 ) and by metabolic inhibitors.
We showed earlier 10 that in atria K efflux is essentially passive, while influx lias both active and passive components. In low K media (1.35 mM. or less), K influx is passive, but as K o is raised active as Avell as passive components of influx are stimulated.
In the present study we have obtained evidence that quinidine (2 X 10~5M.) depresses both membrane permeability to K (i.e. in both directions) and active components of K influx. The drug depressed K efflux approximately the same at all K o employed; this was not greatly affected by lowering the temperature (Qio 1.4 to 1.8). At low K o , where influx is essentially passive, the drug depressed K influx 20 per cent (Q 10 1.5 to 1.6), but at high Ko the depression was SO per cent (Q 10 4 to 5). Since we had shown earlier that at 10.8 mM. Ko, 43 per cent of K influx is active and 57 per cent passive, 10 the drug must inhibit both components of flux.
In low K o media, time course studies revealed that quinidine depressed K efflux at a much greater rate than influx, which suggested that at least part of the effect on efflux was secondary to a block of Na influx. The ability of increased Na 0 to reverse the block of K efflux, and the decreased net uptake of Na 24 by quinidine in spontaneously beating preparations confirmed this. Since stimulating at a constant rate (120/min.) was found to have little effect on the inhibition of K efflux, we feel justified in concluding that quinidine directly affects Na entry, and that this is not simply due to a decreased rate of beat. The observation that quinidine increased net Na 24 uptake in atria stimulated with high voltage pulses can be explained by the drug's inhibition of active Na extrusion. The augmented Na entry caused by stimulating control preparations was probably balanced by an active Na extrusion. However, in quinidine preparations, where active Na extrusion was blocked, the augmented Na entry resulted in a comparatively large net accumulation of Na 24 . Quinidine is known to have distinct effects on the electrical and mechanical properties of the heart. The question arises as to whether these may be the result of an action on passive or active transport or a combination of both.
Weidmann, 1 Johnson, 2 and Johnson and Robertson 3 observed that quinidine markedly decreased the rate of rise of the depolarization limb of the transmembrane action potential. Their suggestion that this was an effect on the available Na carrier is in keeping with our observation that quinidine inhibits Na entry. The direct relationship between rate of depolarization and conduction velocity 12 suggests that quinidine may also decrease the latter by the Na effect. Klein and Holland s have shown that the initiation of atrial flutter and fibrillation is associated with a marked transient increase in Na influx and K efflux. As these arrhythmias necessitate a rapid activation of Na entry, the depression of the latter by quinidine can alone account for the tendency of the drug to inhibit, them.
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The rapidity of the effects of quinidine on refractory period (increased maximally in 3 to 10 min.) 4 and on amplitude of beat (decreased 50 per cent in less than 10 niiu.) 4 suggest these may also be related to the initial rapid depression of Na entry.
Johnson 2 and West and Amory ls observed that quinidine decreased the rate of repolarization, an effect which appeared to occur sometime after the initial depression of the rate of depolarization. This observation supports our finding that one of the delayed effects of the drug was to depress membrane permeability to K. Another delayed effect was sometimes to decrease membrane potential. This effect could result from an accumulation of Na due to inhibition of active Na extrusion or to the decreased membrane permeability to K.
A brief mention of "tailing off" of the action potential as observed by Johnson 2 is of particular interest to us. Eecently Klein and Holland 14 presented evidence that the duration of the transmembrane negative after potential can be correlated with a block of active transport.
From the various observations we suggest that all of the major effects of quinidine mentioned on the electrical and mechanical properties of atria can be reasonably related to a decreased Na entry. The inhibition of membrane permeability to K and of active transport appear to be of lesser import. Summary A study of the effects of quinidine on unidirectional fluxes of Na and K in isolated rabbit atria has shown that the drug rapidly depresses passive Na in-K out exchange. Much slower in onset is a decreased membrane permeability to K and a marked inhibition of active transport components of Na efflux and K influx. The rapid effect of quinidine on Na entry has been correlated with a reduced rate of rise of the depolarization limb or the transmembrane action potential, the decreased maximum following frequency, the antiarrhythmic action, the decreased amplitude of Circulation Research, Volume V11J, January i960 be'at and with conduction defects. The depression of membrane permeability to K and of active transport appear to be of lesser import.
Summario in Interlingua
Un studio del effecto dc quinidina super le fluxo unidirectional de Na e K in isolate cordes do conilio ha monstrate que le droga depriine rapidemente le exeambio de Na. influente o Iv effluente. Multo plus lente in su declaration es es un reduction del permeabilitate membranal pro K e un marcate inhibition de active component.es de transpovto de Na cffluonte e
